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Background: The regulatory mechanism of TOPK underlying cancer cell survival remains unknown.
Results: TOPK directly interacts with and phosphorylates I�B� at Ser-32.
Conclusion: TOPK is a critical mediator of cervical cancer chemoresistance in response to doxorubicin.
Significance: This study provides new insight on role of TOPK in cervical cancer cell survival in response to doxorubicin.

T-lymphokine-activated killer cell-originated protein kinase
(TOPK) is known to be up-regulated in cancer cells and appears
to contribute to cancer cell proliferation and survival. However,
the molecular mechanism by which TOPK regulates cancer cell
survival still remains elusive. Here we show that TOPK directly
interacted with and phosphorylated I�B� at Ser-32, leading to
p65 nuclear translocation and NF-�B activation. We also
revealed that doxorubicin promoted the interaction between
nonphosphorylated or phosphorylated TOPK and I�B� and
that TOPK-mediated I�B� phosphorylation was enhanced in
response to doxorubicin. Also, exogenously overexpressed
TOPK augmented transcriptional activity driven by either
NF-�B or inhibitor of apoptosis protein 2 (cIAP2) promoters.
On the other hand, NF-�B activity including I�B� phosphory-
lation and p65 nuclear translocation, as well as cIAP2 gene
expression, was markedly diminished in TOPK knockdown
HeLa cervical cancer cells. Moreover, doxorubicin-mediated
apoptosis was noticeably increased in TOPK knockdown HeLa
cells, compared with control cells, which resulted from caspase-
dependent signaling pathways. These results demonstrate that
TOPK is a molecular target of doxorubicin and mediates doxo-
rubicin chemoresistance ofHeLa cells, suggesting a novelmech-
anism for TOPK barrier of doxorubicin-mediated cervical can-
cer cell apoptosis.

Doxorubicin, anthracycline antibiotic, is known to function
as a potent chemotherapeutic agent against solid tumors and
malignant hematological diseases (1, 2). Doxorubicin acts as
DNA intercalating agent, causing dysfunction of DNA topoi-

somerase II and double-stranded DNA break, and elicits its
inhibitory activity on tumors (3). This doxorubicin-induced
DNA damage leads to target cell death. In parallel, DNA dam-
age results in NF-�B activation to enhance transcription of
NF-�B-driven genes, which are involved in cell proliferation
and survival (4). In an unstimulated state, NF-�B is sequestered
in the cytoplasm by binding to I�B. In response to doxorubicin,
I�B kinases (IKKs)3 complex comprised of IKK�, IKK�, and
NEMO is activated, and phosphorylates I�B, which is sequen-
tially ubiquitinated and subjected to proteasomal degradation
(5). NF-�B is then released from I�B, and activated NF-�B
enters into nucleus and induces target gene transcription. Pre-
vious studies show that doxorubicin-induced apoptosis is trig-
gered by cascades of caspase activation (6, 7).NF-�B is shown to
play an important role in maintaining resistance to doxorubi-
cin-induced tumor cells apoptosis and to contribute to preven-
tion of efficacy of cancer therapeutics (8, 9). Indeed, inhibition
of NF-�B sensitizes tumor cells to apoptosis in response to
doxorubicin (10, 11).
T-LAK-cell-originated protein kinase (TOPK) is known to

be a serine/threonine kinase that is highly expressed in various
malignant cells such as Burkitt’s lymphoma and hematopoietic
neoplasms or in normal tissues including testis, kidney, lung,
placenta, and embryonic tissues (12–16). It has been proposed
that TOPK, MAPKK-like protein kinase, acts as an upstream
kinase for p38MAPK, phosphataseMKP1, and peroxiredoxin 1
(12, 17, 18). In addition, TOPK phosphorylates JNK1 in UVB-
mediated signaling or Ras-induced cell transformation and
positively regulates ERK2 during tumorigenesis (19, 20). The
cyclin B1/Cdk1 binds and phosphorylates TOPK on residue
Thr-9 during mitosis, leading to enhancement of cytokinesis
through PRC1 phosphorylation (13, 21). It was reported that
TOPK associates with p53 and suppresses its transcriptional
activity, resulting in reduction of p21 expression (22). Previ-
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ously, we showed that TOPK confers TRAIL resistance to can-
cer cells (23). These reports suggest a role for TOPK in cancer
cell proliferation and survival. However, little is known about
mechanisms regarding the role of TOPK in cancer cell survival
against cancer chemotherapy drugs involving doxorubicin.
Here we reveal that TOPK is a novel target molecule in

response to doxorubicin and that TOPK directly interacts with
and phosphorylates I�B� at Ser-32, leading to subsequent
NF-�B activation. We also demonstrate that depletion of
endogenous TOPK abrogated doxorubicin-induced I�B� phos-
phorylation or p65 nuclear translocation. We provide evidence
that overexpressed TOPK up-regulated expression of cIAP2
gene, one of the NF-�B-dependent antiapoptotic genes, and
conferred resistance to doxorubicin-induced HeLa cervical
cancer cell death.

EXPERIMENTAL PROCEDURES

Cells and Reagents—Human embryonic kidney 293 cells,
CHO-K1, and human HeLa cervical cancer cells were pur-
chased from American Type Culture Collection. Each cell line
was maintained in DMEM supplemented with 10% FBS, 2 mM

L-glutamine, and 1% penicillin/streptomycin. Doxorubicin
hydrochloride, wedelolactone, SB202190, SP600125, U0126,
and �-actin antibody were purchased from Sigma. The Dead-
End fluorometric TUNEL system and luciferase assay system
were from Promega (Madison, WI). Tubulin or I�B� antibody
or protein A/G plus-agarose bead was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). V5 antibody or
SuperScript III reverse transcriptase was from Invitrogen,
respectively. Antibodies against caspase 3, caspase 8, cleaved
PARP (Asp-214), p-AKT (Ser-473), p65, I�B� (Sepharose bead
conjugate), and p-I�B� (Ser-32)were fromCell SignalingTech-
nology, Inc. (Beverly, MA). Antibody against TOPK or phos-
phoserine/threonine was from Abcam (Cambridge, MA).
Active or inactive GST-TOPK protein was from Sigma or
SignalChem (Richmond, Canada), respectively. Transfec-
tion reagent Effectene was from Qiagen. Z-VAD-FMK,
Z-IETD-FMK, or GST-I�B� protein was from EMD Milli-
pore (Billerica, MA). Glutathione-Sepharose 4B was from
GE Healthcare Biosciences.
Plasmids and Transfection—Plasmid V5-TOPK was con-

structed. Briefly, total RNA from HeLa cell was extracted, and
cDNA was prepared using Superscript III reverse transcriptase
(Invitrogen). Sequentially, PCR was performed with the cDNA
using sense strand, 5�-CGCGGATCCCGATGGAAGGGATC-
AGTAATTT-3� harboring the BamHI site and antisense
strand 5�-CCGCTCGAGCGGGACATCTGTTTCCAGAG-
CTT-3� harboring the XhoI site, and the PCR product cut with
BamHI/XhoI was inserted into the BamHI/XhoI sites of
pcDNA6/V5-His A (Invitrogen). The construct was verified
by sequencing. Plasmids, cIAP2 promoter-driven luciferase
reporter vectors, wild type, and NF-�B mutants, were kindly
provided by Dr. Hinrich Gronemeyer (24). GFP-p65/RelA con-
struct was a kind gift from Dr. Warner C. Greene (25). NF-�B-
dependent luciferase vector and TOPK siRNA construct were
as described previously (23). 293 or HeLa cells growing on a
100-mmdishwas transfectedwith each 10�g of plasmids using
Effectene according to the manufacturer’s instructions. 24 h

after transfection, the cells were lysed, and cell lysate was sub-
jected to immunoblot or immunoprecipitation.
In Vitro Kinase Assay—In vitro kinase assay was performed

with active or inactive TOPK and GST-I�B� protein. Briefly,
the reactions containing 100 �Mwere done at 30 °C for 30 min.
The samples were subjected to 10% SDS-PAGE and visualized
by immunoblot. For TOPK immunoprecipitation kinase assay,
293 cells were transfected with V5-TOPK construct, treated
with doxorubicin, and lysed. Cell lysate was immunoprecipi-
tated with V5 antibody. The precipitates were reacted with
GST-I�B� and analyzed with immunoblot using phospho-
I�B� (Ser-32) antibody.
Immunoblot and Immunoprecipitation—For immunoblot

analysis, 20 �g of each total cell lysate was resolved by SDS-
PAGE, probed using each respective antibody, and detected
with SuperSignal West Pico chemiluminescent substrate
(Pierce) and x-ray film. For immunoprecipitation, 500 �g of
total cell lysate was mixed with specific antibody and then pro-
tein agarose beads at 4 °C for 2 h using rocker. The beads were
washed, subjected to 10% SDS-PAGE, and then subjected to
immunoblot.
GST Pulldown Assay—To investigate the interaction of

TOPK and I�B�, GST pulldown assay was performed with
GST-I�B�. 293 cells were expressed with V5-TOPK construct,
harvested 24 h after transfection, and lysed. 500 �g of total cell
lysate was incubated with 2�g of GST-I�B� protein coupled to
glutathione-Sepharose 4B at 4 °C for 2 h. The beads were
washed with lysis buffer, boiled with sample buffer, separated
on 10% SDS-PAGE, and then analyzed with immunoblot using
V5 antibody.
Luciferase Assay—For luciferase assay, CHO-K1 cells grow-

ing on 6-well plates were transfected with each 1 �g of NF-�B
promoter or cIAP2 promoter-luciferase reporter construct,
plus 0.5 �g of the pRL-SV40 gene using 4 �l of Effectene rea-
gent. 24 h after transfection, the cells were treated with doxo-
rubicin for 24 h, harvested, and then lysed. Firefly and Renilla
luciferase activities were measured using cell lysate.
Reverse Transcription-PCR—Total RNAs were prepared

from control siRNA cells or HeLa-TOPK siRNA cells using
TRIzol reagent (Invitrogen). Reverse transcription-PCR was
done using SuperScript III reverse transcriptase (Invitrogen)
and PCR master mix (Qiagen). PCR was carried out for 1 cycle
at 95 °C for 15min and 28 cycles at 95 °C for 30 s, 55 °C for 30 s,
and 68 °C for 1min. Each primer is as follows: c-IAP2 (forward),
5�-CTTTGCCTGTGGTGGAAAAT-3�; c-IAP2 (reverse), 5�-
ACTTGCAAGCTGCTCAGGAT-3�; GAPDH (forward),
5�-GACTCATGACCACAGTCCATGC-3�; and GAPDH (re-
verse), 5�-AGAGGCAGGGATGATGTTCTG-3�. PCR prod-
ucts were separated on a 1.5% agarose gel and analyzed with
GelDoc (Bio-Rad).
GFP-RelA Localization—Control siRNA cells or HeLa-

TOPK siRNA cells were seeded on cover glass in 6-well plates
and transfected with 0.5 �g of GFP-RelA construct. The cells
were stimulated with doxorubicin for 6 h. The cells were
observed under a fluorescent microscope to determine expres-
sion and localization of GFP-RelA.
Terminal Deoxynucleotidyl TUNEL Assay—TUNEL assay

was performed using the DeadEnd fluorometric TUNEL sys-
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tem (Promega) according to the manufacturer’s instruction.
Control siRNA cells or HeLa-TOPK siRNA cells were treated
with doxorubicin for 24 h, fixed with 4% methanol-free form-
aldehyde, and permeabilized with Triton X-100. Terminal
deoxynucleotidyltransferase and nucleotide mixture including
fluorescein-dUTP were used for labeling DNA breaks. After
incubation, the cells were washed andmounted. The cells were
observed and analyzed under a fluorescence microscope.

Statistical Analysis—The results are shown as the means �
S.D. for at least three independent experiments in duplicate.
Significant differences were evaluated by Student’s t test.

RESULTS

Doxorubicin Activates TOPK and Promotes Association of
TOPK with I�B�—Little is known about signaling effectors of
TOPK, including upstream kinases, downstream substrates, or
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FIGURE 1. TOPK is activated by doxorubicin and directly associates with I�B�. A, HeLa cells were stimulated with 1 �M of doxorubicin (Dox) for each
indicated time. Each cell lysate (500 �g) was immunoprecipitated (IP) with TOPK antibody (1 �g) and followed by immunoblotting (IB) using phosphoserine/
threonine (p-Ser/Thr) antibody. Phosphorylation of the indicated proteins was detected with the respective phospho-specific antibodies. B, 293 cells grown on
100-mm dishes were transfected with each 10 �g of empty vector or V5-TOPK construct. At 24 h after transfection, the cells were treated with doxorubicin (1
�M) for each indicated time. Each cell lysate (500 �g) was subjected to immunoprecipitation using I�B� antibody (1 �g) and then analyzed by immunoblot
using V5 antibody. Expression of V5-TOPK was verified. C, each 10 �g of empty vector or V5-TOPK construct was expressed in 293 cells, and the GST pulldown
experiment was done using cell lysate (500 �g) and GST-I�B� (2 �g) coupled to glutathione-Sepharose beads. The beads were subjected to 10% SDS-PAGE and
then probed with V5 antibody. D, HeLa cells were treated with 1 �M of doxorubicin for the indicated times. Immunoprecipitation was done with I�B� antibody
(Sepharose bead conjugate), followed by immunoblot using TOPK or I�B� antibody. E, each 10 �g of V5-TOPK construct was expressed in 293 cells. The cells
were treated with doxorubicin (1 �M) for each indicated time. Each cell lysate (500 �g) was immunoprecipitated using I�B� antibody (Sepharose bead
conjugate) and then probed with phospho-TOPK (Thr-9) antibody.
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stimuli. Doxorubicin commonly used in cancer treatment is
known to induce genotoxic stress and p53 activation (26).How-
ever, themolecular targets of doxorubicin are poorly character-
ized. We have explored whether doxorubicin can affect TOPK
activity or expression. To investigate whether doxorubicin
might affect TOPK activity, we first treated human cervical
HeLa cancer cells with doxorubicin in time-dependentmanner.
The results showed that doxorubicin strongly induced phos-
phorylation of Ser/Thr residues on TOPK, indicating the effi-
cacy of doxorubicin on catalytic activity of TOPK (Fig. 1A).
TOPK expression was slightly affected by doxorubicin treat-
ment. We next examined the change of phosphorylation level
of I�B� or AKT that is involved in cancer cell survival. Phos-
phorylation level of I�B� or AKT was augmented at 1 or 2 h
after doxorubicin treatment. These results suggest that TOPK
might be one of the molecular targets of doxorubicin and that
doxorubicin-induced TOPK activity might be implicated in
I�B� phosphorylation.Wenext hypothesized that TOPK could
associate with and regulate I�B� phosphorylation status. To
examine the possibility for binding of TOPK to I�B�, we trans-
fected V5-TOPK into HEK293 cells, left them in the absence or
presence of doxorubicin, and then performed immunoprecipi-
tation experiments. We discovered that TOPK directly bound
to I�B� in vivo, and doxorubicin markedly enhanced the bind-
ing capacity (Fig. 1B). To further verify that TOPK interacts

with I�B� in vitro, GST pulldown assays were also carried out.
GST-I�B� coupled to glutathione-Sepharose beads was incu-
bated with cell lysate expressing V5-TOPK construct. The
results indicated that TOPK bound to I�B� in vitro, proving a
direct interaction between TOPK and I�B� (Fig. 1C). Further-
more, we verified that endogenousTOPKassociatedwith I�B�,
and the interaction was significantly potentiated by doxorubi-
cin treatment (Fig. 1D). To ensure that phosphorylated TOPK
is indeed active form of TOPK, we also explored whether phos-
phorylated TOPK interacts with I�B�. The phosphorylated
TOPK at Thr-9 was shown to bind to I�B� (Fig. 1E). The bind-
ing wasmarkedly increased in response to doxorubicin. Collec-
tively, these findings demonstrated that TOPK interacts with
I�B� and that doxorubicin inducesTOPKphosphorylation and
promotes association of phosphorylated TOPK with I�B�,
probably affecting I�B� phosphorylation.
TOPK Directly Phosphorylates I�B�, and Doxorubicin En-

hances Its Kinase Activity—We next examined whether TOPK
could phosphorylates I�B�. The active form of TOPK, a con-
stitutively phosphorylated TOPK at Thr-9, was employed for
kinase assay. Kinase assay using active TOPK and GST-I�B�
was performed in vitro. The results revealed that active TOPK
phosphorylated residue Ser-32 on I�B� in dose-dependent
manner (Fig. 2A). As expected, inactive TOPK did not exert the
kinase activity against I�B� (Fig. 2B). We also investigated
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FIGURE 2. TOPK phosphorylates I�B� at Ser-32. A, in vitro kinase assay was performed with GST-I�B� (0.5 �g) and each active TOPK (25, 50, and 100 ng). After
30 min of incubation at 30 °C, the reaction mixture was subjected to 10% SDS-PAGE and immunoblot (IB) using phospho-I�B� (Ser-32) antibody. B, TOPK kinase
assay was done using active or inactive TOPK (each 100 ng). The phosphorylated I�B� was detected with phospho-specific antibody recognizing Ser-32 residue
on I�B�. C, 293 cells were transfected with V5-TOPK or empty vector. At 24 h post-transfection, the cells were treated with doxorubicin (Dox, 1 �M) for 2 or 4 h,
and cell lysate was immunoprecipitated (IP) with V5 antibody. The immunoprecipitation kinase assay was performed using GST-I�B� (0.5 �g).

TOPK in Chemoresistance to Doxorubicin-mediated Apoptosis

3588 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 5 • FEBRUARY 1, 2013



whether doxorubicin affects TOPK-induced I�B� phosphory-
lation in vivo. V5-TOPK construct was expressed in HEK293
cells, followed by immunoprecipitation kinase assay. We con-
firmed that doxorubicin strongly induces TOPK-mediated
phosphorylation of I�B� (Ser-32) in a time-dependent manner
(Fig. 2C). These results suggest that TOPK associates with and
directly phosphorylates I�B� to elicit NF-�B activity.
TOPKPositivelyRegulatesNF-�B-drivenTranscriptionalActiv-

ity and cIAP2 Gene Expression in Response to Doxorubicin—
Doxorubicin has been reported to induce NF-�B activation in
apoptosis process (27). We asked whether TOPK can be
involved in doxorubicin-induced NF-�B-responsive transcrip-
tional activity. CHO-K1 cells were transfected withNF-�B pro-
moter-driven luciferase reporter construct without or with the
V5-TOPK construct and then left in absence or presence of
doxorubicin. As expected, NF-�B promoter-driven transcrip-
tional activity was augmented by doxorubicin treatment (Fig.
3A). Also, expression of TOPK alone increased the transcrip-
tional activity in dose-dependent manner. Moreover, doxoru-
bicin-inducedNF-�B activitywasmarkedly increased byTOPK

expression.We next employed the promoter of the cIAP2 gene,
one of NF-�B responsive genes, which is linked to luciferase
reporter gene. Using promoters of wild type or NF-�B cis-ele-
ment mutant types of cIAP2, transcriptional activities were
assessed. As shown in Fig. 3B, TOPK expression resulted in an
increase of cIAP2 promoter-driven luciferase activity induced
by doxorubicin, whereas the activity was greatly reduced in
cIAP2 promoters having a mutation on NF-�B cis-element. It
appeared that cIAP2 promoter (�39mut) having amutation of
a NF-�B site (�39) elicited a little differential responsiveness
compared with another cIAP2 promoter (�102 mut), indicat-
ing site-specific selectivity of NF-�B response. We have previ-
ously established HeLa-TOPK siRNA knockdown cell lines
(23). Using a reverse transcription-PCR experiment, we next
investigated whether TOPK affects expression of cIAP2 gene
in response to doxorubicin. Doxorubicin strongly induced
expression of cIAP2 gene in control cells (Fig. 3C). In contrast,
the doxorubicin-induced cIAP2 gene expression was dramati-
cally diminished in TOPK siRNA cells. As expected, doxorubi-
cin treatment also increased the expression of TOPK gene.
Taken together, these findings demonstrate that TOPKup-reg-
ulates NF-�B activity and cIAP2 expression in response to
doxorubicin, implying the role of TOPK in doxorubicin-medi-
ated apoptotic signaling.
Depletion of TOPK Abolishes Doxorubicin-mediated I�B�

Phosphorylation andp65NuclearTranslocation—Doxorubicin
has been suggested to induce I�B phosphorylation and p65
nuclear translocation (28). To clarify the effect of TOPK on
doxorubicin-mediated I�B� degradation or phosphorylation,
we employed HeLa-TOPK siRNA knockdown cell lines. As
expected, the phosphorylation level of I�B� in HeLa cells
expressing control siRNA was markedly augmented in
response to doxorubicin treatment, whereas the level was little
changed in TOPK siRNA cells (Fig. 4A). We also determined
the effect of wedelolactone, the irreversible inhibitor of IKK�
and IKK�, on doxorubicin-induced I�B� phosphorylation.
Wedelolactone little affected the doxorubicin-induced I�B�
phosphorylation. These data imply that TOPK-mediated I�B�
phosphorylation in response to doxorubicin might be inde-
pendent on IKKs. In response to various stimuli including
doxorubicin, p65/RelA nuclear translocation is essential for
NF-�B activation. The cells were transfected with GFP-RelA
construct, treated with doxorubicin, and then analyzed by
fluorescence microscopy. In control siRNA cells, RelA was
shown to be successfully translocated to the nucleus in
response to doxorubicin (Fig. 4B). In contrast, RelA failed to
displace from the cytoplasm to the nucleus in TOPK siRNA
cells by doxorubicin. Also, the level of RelA protein in the cyto-
plasm or nucleus was assessed. Nuclear RelA was markedly
increased in response to doxorubicin in control siRNA cells
(Fig. 4C), whereas the nuclear RelA was a little increased in
TOPK siRNAcells. On the other hand, the basal level of nuclear
RelA in the absence of doxorubicin is decreased in TOPK
siRNA cells, compared with control siRNA cells, suggesting
TOPK-mediated basal regulation of nuclear p65 expression.
Collectively, these findings propose that TOPK mediates I�B�
phosphorylation and subsequent RelA nuclear translocation in
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FIGURE 3. TOPK promotes doxorubicin-induced NF-�B activity and cIAP2
transcriptional activity. A, CHO-K1 cells grown on 6-well plates were trans-
fected with NF-�B-luciferase construct (1 �g) and each indicated V5-TOPK
construct (1, 2, 4 �g), together with 0.1 �g of pRL-SV40 gene. 24 h after trans-
fection, the cells were treated or not treated with doxorubicin (Dox,1 �M) for
6 h. Luciferase activity was measured using cell lysate. Firefly luciferase activ-
ity was normalized against Renilla luciferase activity. *, p � 0.01; **, p � 0.05.
B, CHO-K1 cells grown on 6-well plates were transfected with each WT or
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rubicin (1 �M). RT-PCR was sequentially performed using SuperScript III
reverse transcriptase and each primer for cIAP2 or GAPDH genes. PCR prod-
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response to doxorubicin, as well as regulation of basal expres-
sion of nuclear p65.
TOPKConfers Resistance toDoxorubicin-inducedHeLaCan-

cer Cell Apoptosis—We next asked that TOPK might contrib-
ute to HeLa cervical cancer cell chemoresistance in response to
doxorubicin. Therefore, we explored the effect of knocking
down TOPK on doxorubicin-induced cell death. The doxoru-
bicin-induced apoptosis rate in control siRNA cells was
reduced �29%, compared with the rate in HeLa-TOPK siRNA
cells (Fig. 5A). To examinewhether endogenousTOPKaffected
doxorubicin-mediated caspases activation leading to PARP
cleavage, activation of caspase 3 or caspase 8, as well as PARP
were examined inTOPK siRNAor control siRNAcells. Cleaved

forms of caspase 3 or caspase 8 were more increased by doxo-
rubicin treatment in TOPK siRNA cells than control siRNA
cells (Fig. 5B). Also, cleaved forms of PARP were more
increased in TOPK siRNA cells. These results demonstrate that
endogenous TOPK alleviates doxorubicin-induced caspase 8
and caspase 3 activation, leading to PARP inactivation, suggest-
ing the role of TOPK in doxorubicin-inducedHeLa cancer cells
apoptosis. To ensure that doxorubicin-induced apoptosis in
HeLa-TOPK siRNA cells is mediated via caspase activation
pathway, two inhibitors, general caspase inhibitor Z-VAD-
FMK, and caspase 8 inhibitor Z-IETD-FMK, were employed.
As expected, cleaved forms of PARPwere decreased in the pres-
ence of each inhibitor, together with doxorubicin (Fig. 5C).

FIGURE 4. Ablation of TOPK blocks I�B� phosphorylation and p65 nuclear translocation in response to doxorubicin. A, HeLa-TOPK siRNA cells or control
siRNA cells were treated with doxorubicin (Dox, 1 �M) for the indicated times in the presence or absence of wedelolactone (10 �M). Phosphorylated I�B�, TOPK,
or tubulin proteins were assessed with the respective antibodies. B, TOPK siRNA cells or control siRNA cells grown on cover glass were transfected with
GFP-RelA. At 24 h post-transfection, the cells were stimulated with doxorubicin (1 �M) for 6 h. Cells mounted on slide glass were observed with fluorescent
microscope. The nuclei were stained with DAPI, and representative photos of at least three independent experiments are shown. C, TOPK siRNA cells or control
siRNA cells were incubated with doxorubicin (1 �M) for indicated time. The cells were harvested, and cytoplasmic extract (lanes C) or nuclear extract (lanes N)
was prepared. The p65 level was evaluated using immunoblot (IB) analysis. ImageJ software was used for quantification.
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These data show that doxorubicin-induced apoptosis in TOPK
siRNA cells is mediated via caspase activation pathway. On the
other hand,MAPK signaling pathways including ERK, p38, and
JNK have been suggested to be implicated in doxorubicin-in-
duced cancer cells apoptosis (29, 30). Therefore, we next asked
whetherMAPK pathways are involved in doxorubicin-induced
apoptosis inHeLa-TOPK siRNAcells. Using specific inhibitors,
such as MEK1/2 inhibitor U0126, p38 MAPK inhibitor
SB202190, and JNK inhibitor SP600125, the effect of doxorubi-
cin on PARP cleavage in TOPK siRNA cells was determined.
Treatment of SP600125, but not U0126 and SB202190, blocked
doxorubicin-induced PARP cleavage (Fig. 5D). These results
indicate that JNKmight play an important role in doxorubicin-
induced HeLa cells, especially TOPK-depleted cell killing.

DISCUSSION

It has been suggested that some stimuli including TPA or
UVB positively regulate TOPK activity (12, 17, 19). However,

information about signaling pathways or stimuli triggering
TOPKactivation is still lacking. In this study,weuncovered that
doxorubicin, one of the anticancer drugs, could phosphorylate
serine or threonine residues on TOPK and increases TOPK
mRNA level, indicating the effect of doxorubicin on TOPK cat-
alytic activity and TOPK gene expression. Although the action
mechanism of doxorubicin in cancer cell apoptosis is known,
the molecular targets of doxorubicin are poorly identified. We
demonstrate here that TOPK functions as a novel target mole-
cule of doxorubicin, implying a critical role for TOPK in doxo-
rubicin-induced cervical cancer cell death. Some molecules,
such as p38 MAPK, JNK, phosphatase MKP1, and peroxire-
doxin 1, have been proposed to act as downstream substrates
for TOPK (12, 17–19). However, evidence for downstream tar-
gets of TOPK still remains elusive. We identified that TOPK
directly binds to I�B� and phosphorylates serine-32 residue on
I�B� in response to doxorubicin leading to NF-�B activation.
These data define TOPK as an upstream kinase of I�B� regu-

FIGURE 5. TOPK confers resistance to doxorubicin-mediated HeLa cancer cell apoptosis. A, HeLa-TOPK siRNA cells or control siRNA cells on cover glass
were treated with doxorubicin (Dox, 1 �M) for 24 h. TUNEL assay was employed for apoptosis analysis. The cells were observed by immunofluorescence
microscopy. The percentage of dead cells was estimated by calculating dead cells and live cells (300 cells minimum). Representative images of at least three
independent experiments are shown. B, TOPK siRNA cells or control siRNA cells were incubated with doxorubicin (1 �M) for 24 h. The levels of cleaved caspase
8, caspase 3, and PARP were indicated. C, TOPK siRNA cells were stimulated with doxorubicin (1 �M) in the presence or absence of each 20 �M of Z-VAD-FMK
or Z-IETD-FMK. Cleaved PARP level was shown. D, TOPK siRNA cells were treated with doxorubicin (1 �M) in the presence or absence of 10 �M each SB202190,
SP600125, and U0126. The amount of cleaved PARP was indicated. IB, immunoblot; DMSO, dimethyl sulfoxide.
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lating NF-�B activity with a possible role in doxorubicin-medi-
ated cervical cancer cell apoptosis. It has been suggested that
NF-�B contributes to chemoresistance to anticancer drugs and
is triggered by genotoxic agents including doxorubicin, which
limits the chemotherapeutics-mediated anticancer effects (31).
Also, NF-�B activation is known to result in induction of sur-
vival factors, Bcl-2 or IAPs (32). Therapeutic approaches to
overcome NF-�B-mediated chemoresistance are closely impli-
cated in induction of I�Boverexpression or I�B stabilization via
proteasome inhibition preventing I�B degradation (33, 34). In
this study, endogenously overexpressed TOPK was shown to
increase doxorubicin-mediated NF-�B-driven transcriptional
activity in HeLa cervical cancer cells. The findings that TOPK
activates NF-�B in response to doxorubicin revealed the role of
TOPK as a critical mediator in cervical cancer cell survival. A
previous report proposed that NF-�B activity induced by ultra-
violet radiation or chemotherapeutic agent-induced DNA
damage might promote U2OS osteosarcoma cell death, associ-
ated with interaction of p65 and histone deacetylases (35). A
recent study also showed that doxorubicin increased transcrip-
tion of the cIAP2 gene, an antiapoptotic gene, but repressed
expression of Bcl-xL, XIAP, Bcl-2, or survivin gene in U2OS
osteosarcoma cells and that NF-�B inhibition prevented doxo-
rubicin-mediated transcription of cIAP2, leading to enhanced
cell death (27). Agreeing with this result, we indicated that
expression of cIAP2 gene is increased in HeLa cervical cancer
cells by doxorubicin treatment, but TOPK depletion abolishes
this augmentation viaNF-�B inhibition. These findings suggest
that doxorubicin-mediated increment of cIAP2 gene tran-
scripts might be dependent on endogenous TOPK expression
and that the reduction of cIAP2 via NF-�B inhibition promotes
cervical cancer cell death. It has been proposed that some
MAPKs or their related signaling pathways are implicated in
chemotherapeutics-mediated apoptosis (36–38). JNK activity
is especially closely involved in apoptosis in response to chemo-
therapeutic agents involving doxorubicin (7, 30, 39), which
results in release of mitochondrial cytochrome c and second
mitochondria-derived activator of caspase to cytoplasm, lead-
ing to caspase activation. Procaspase-9 is recruited and acti-
vated with subsequent activation of the downstream effector
caspase-3 and PARP (40). Inhibition of JNK, but not ERK and
p38 MAPK, markedly prevents doxorubicin-mediated apopto-
sis of TOPK-depleted HeLa cervical cancer cells. This finding
suggests that JNK activity is essential for apoptosis to doxoru-
bicin in cervical cancer cell lacking endogenous TOPK. There-
fore, an approach to efficient doxorubicin-mediated chemo-
therapy for cervical cancers might include in part JNK
activation, as well as blockage of TOPK expression or activity.
Taken together, this study demonstrates that doxorubicin acti-
vates TOPK interaction with I�B� and promotes its kinase
activity against I�B� at Ser-32, leading to NF-�B activation.
Also, we provide evidence that TOPK augments expression
of cIAP2, acting as a key survival mediator in doxorubicin-
mediated apoptotic pathway, conferring resistance to doxo-
rubicin-induced HeLa cervical cancer cell death. We here
suggest that TOPK is a critical mediator of cervical cancer
chemoresistance in response to doxorubicin. Therefore,
approaches to inhibit TOPK through blocking its expression

or its kinase activity via development of pharmacologic
inhibitor might be valuable for further investigation involv-
ing mechanistic research to overcome cervical cancer
chemoresistance and enhance chemosensitization.
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